Polycomb repressive complex 2 (PRC2) is a histone methyltransferase required for epigenetic silencing during development and cancer. Long noncoding RNAs (lncRNAs) recruit PRC2 to chromatin, but the general role of RNA in maintaining repressed chromatin is unknown. Here we measure the binding constants of human PRC2 to various RNAs and find comparable affinity for human lncRNAs targeted by PRC2 as for irrelevant transcripts from ciliates and bacteria. PRC2 binding is size dependent, with lower affinity for shorter RNAs. In vivo, PRC2 predominantly occupies repressed genes; PRC2 is also associated with active genes, but most of those are not regulated by PRC2. These findings support a model in which PRC2's promiscuous binding to RNA transcripts allows it to scan for target genes that have escaped repression, thus leading to maintenance of the repressed state. Such RNAs may also provide a decoy for PRC2. npg
a r t i c l e s PRC2 is a histone methyltransferase that mono-, di-and trimethylates K27 of histone H3 (to form H3K27me, H3K27me2 and H3K27me3, respectively), thus inducing repressed chromatin 1 . EZH2 is the catalytic subunit of PRC2, and SUZ12 is an essential regulatory subunit 2 . EED is a histone-binding subunit that binds H3K27me3-modified histone tails to result in increased affinity to nucleosomes and stimulation of the catalytic activity of PRC2 (refs. 3,4) . PRC2 is further activated by dense chromatin 5 . Marks for active chromatin, H3K4me3 and H3K36me3, are recognized by RBBP4 together with SUZ12 to inhibit PRC2 catalytically and reduce its affinity to nucleosomes 6, 7 . Collectively, these activities allow PRC2 to functionally distinguish repressed from transcriptionally active chromatin.
Although PRC2 is typically shown to be associated with repressed chromatin and the H3K27me3 mark [8] [9] [10] , an additional overlap between some PRC2-target genes and the H3K4me3 mark is observed in embryonic stem cells (ESCs) 11, 12 and T cells 13 . Such bivalent chromatin, including both H3K27me3 and H3K4me3 marks, has been suggested to be poised for rapid activation. Other recent evidence also tracks PRC2 to transcriptionally active genes 14, 15 and suggests association with RNA polymerase II (ref. 16 ) and with Phf1 protein, which mediates recruitment of PRC2 to the H3K36me3 mark [17] [18] [19] . These mechanisms are neither fully understood nor unified.
In Drosophila, PRC2 is recruited to chromatin through Polycomb response elements (PREs, reviewed in ref. 20) . Despite the discovery of functionally similar elements in vertebrates [21] [22] [23] , the understanding of PRC2-specific recruiters is far from complete. Evidence indicates that lncRNAs recruit PRC2 to loci designated for silencing. HOTAIR lncRNA recruits PRC2 in trans to the HOXD locus 24, 25 and other loci 26 . RepA lncRNA recruits PRC2 during X-chromosome inactivation 27 . Moreover, PRC2 is associated with thousands of RNAs in various cell lines 25, [27] [28] [29] [30] [31] . A two-hairpin motif has been suggested to be enriched in a subclass of noncoding RNA (ncRNA) that associates with PRC2 (ref. 28) , as inspired by a two-hairpin motif that was originally discovered in RepA RNA 27 . More-complex RNA structures have also been proposed 32, 33 , yet the lack of quantitative data on the affinity of PRC2 for its RNA binding partners has limited the understanding of binding specificity.
To measure the binding specificity of PRC2, we performed quantitative electrophoretic mobility shift assays (EMSAs) of reconstituted human PRC2 with various RNAs. We show that PRC2 binds RNA promiscuously in vitro, with submicromolar affinity. We comparatively analyzed data sets from RNA immunoprecipitation coupled with next-generation sequencing (RIP-seq), whole-transcriptome shotgun sequencing (RNA-seq), global run-on sequencing (GRO-seq) and chromatin immunoprecipitation combined with massively parallel DNA sequencing (ChIP-seq), generated from various mouse cell lines and published in multiple independent studies, and show that PRC2 also binds RNA promiscuously in vivo. Furthermore, unlike the H3K27me3 mark, which associates exclusively with repressed chromatin, PRC2 associates with both repressed and active genes. Taken together, these results suggest a model in which the maintenance of the repressed chromatin state is directed by PRC2's promiscuous binding to nascent RNA transcripts.
RESULTS

Promiscuous RNA binding by PRC2 in vitro
To quantitatively characterize the affinity of PRC2 for RNA in vitro, we expressed and purified nucleic acid-free human PRC2 with either four subunits (EZH2-SUZ12-EED-RBBP4, namely PRC2 4m complex) or five subunits (EZH2-SUZ12-EED-RBBP4-AEBP2, namely PRC2 5m), using the baculovirus system ( Fig. 1a) . Recombinant PRC2 was efficient in histone methyltransferase activity ( Supplementary  Fig. 1 ) and RNA binding; the apparent dissociation constants (K d ) for in vitro-transcribed RNA comprising 400 bases from the 5′ end of HOTAIR lncRNA (HOTAIR 400) were 136 ± 22 nM and 255 ± 3 nM for PRC2 5m and PRC2 4m, respectively (RNA construct design in Fig. 1b,c and Supplementary Fig. 2 ). This two-fold difference in apparent K d in the presence or absence of AEBP2 may reflect small differences between protein preparations. We fitted the data to binding curves with Hill coefficients of 2.3 ± 0.2 for PRC2 5m and 1.7 ± 0.1 for PRC2 4m, results suggesting positive binding cooperativity. The affinity of PRC2 4m was similar for HOTAIR 400 and HOTAIR 1-300, an RNA construct comprising 300 bases from the 5′ domain of HOTAIR that was previously shown to bind PRC2 (refs. 24,34) ( Fig. 2a) . Increased incubation time did not reduce the apparent K d ( Supplementary  Fig. 3 ), thus supporting binding equilibrium. In agreement with earlier studies 27, 29 , PRC2 4m demonstrated similar affinity to the sense and antisense strands of the complete A-region sequence found within the human RepA transcript (Supplementary Fig. 4a ).
Although previous studies provided valuable qualitative information regarding the association of PRC2 and its subunits with different RNAs 24, 25, [27] [28] [29] 34 , the complete binding curves obtained here provide the first measurements, to our knowledge, of submicromolar affinity for these associations.
Given the similar binding affinities of PRC2 to previously characterized RNA partners, we tested RNAs that would not be expected to bind. The Escherichia coli maltose-binding protein mRNA originates in an organism lacking Polycomb group proteins. Unexpectedly, the first 300 bases of this mRNA (MBP 1-300) bound PRC2 4m with an apparent K d of 110 ± 10 nM, comparable to that observed for HOTAIR RNA ( Fig. 2a) . MBP 1-300 is not predicted to include the two-hairpin motif ( Supplementary Fig. 5 ) previously observed in some PRC2-associated RNAs [27] [28] [29] . We also observed similar affinities for the antisense strand of HOTAIR 1-300 ( Fig. 2a and Supplementary Fig. 4b ), Mus musculus telomerase RNA and the P4-P6 domain of the group I intron from the ciliate Tetrahymena (Supplementary Fig. 4a ). Excess MBP 1-300 competed HOTAIR 400 from PRC2 ( Fig. 2b) , thus suggesting that both RNAs interact with the same binding site on PRC2.
Collectively, these data indicate promiscuous RNA binding by PRC2. However, the affinity of PRC2 to RNA is quite high and, remarkably, is higher than the affinities of its subunit EED for repressive-mark histone-tail peptides H3K27me3, H3K9me3 and H1K26me3 (K d > 20 µM (refs. 3,4)) or of the PRC2-recruiting factor Phf1 for H3K36me3 tails (K d > 20 µM (refs. 17, 18) or K d > 180 µM (ref. 19 ) by different approaches), thus suggesting biological significance for promiscuous RNA binding by PRC2.
RNA length dependence of PRC2 binding
To further test the observation that PRC2 binds RNA promiscuously rather than interacting with an unrecognized encrypted binding motif, we generated RNAs comprising 10, 20, 50, npg a r t i c l e s or 800 bases from the 5′ end of E. coli MBP mRNA. We recorded a complete binding curve for each RNA (Fig. 3a,b) . The K d decreased with increasing RNA length up to a size of ~300 bases, whereas the additional increment to 800 bases resulted in no further increase in affinity. Notably, plotting log(K d ) versus log(RNA length) revealed a linear dependence with a slope of −1.04 ( Fig. 3c) . This linear dependency between the length of the RNA and 1/K d , namely the association constant (K a ), is expected for a protein binding to an array of multiple binding sites [35] [36] [37] . On the contrary, if an encrypted binding motif were present in MBP 1-300, a step function or a sharp increase in K a with the first RNA that included the motif would be expected. Finally, PRC2 binding exhibited increasing cooperativity for RNAs of 200-800 bases ( Fig. 3d) .
One plausible hypothesis to explain promiscuous PRC2-RNA binding is that PRC2 interacts electrostatically with the RNA phosphate backbone. To test the dependency of K d on salt concentration, we performed EMSA experiments of HOTAIR 400 and PRC2 5m at various KCl concentrations ( Fig. 4a,b) . We observed a linear dependence between log(K d ) and log(KCl) with a slope of 0.7 (Fig. 4c) , results suggesting that at most one salt bridge is mediating binding 38 . This implies that, although promiscuous, the interactions between PRC2 and RNA are not primarily electrostatic. Base stacking with aromatic amino acid side chains is an example of such an interaction that can occur in a sequence-independent manner, as observed in the exosome 39 .
Widespread RNA binding by PRC2 in vivo
Although our results clearly indicate promiscuous RNA binding by PRC2 in vitro, factors such as post-translational modifications and the presence of other RNA-binding proteins could modify this intrinsic property of PRC2 in vivo. If the complex also bound RNA promiscuously in vivo, we expected that PRC2 would track with RNA from transcriptionally active chromatin genome wide. To test this hypothesis, we analyzed publicly available Ezh2 RIP-seq data sets generated with mouse ESCs, either wild type (WT) or an Ezh2-knockout (Ezh2 −/− ) control. We defined Ezh2 fold enrichment (Ezh2-FE) for each transcript separately as the degree of over-representation of a given RNA transcript in the WT data set relative to the Ezh2 −/− data set. These data were originally used to identify the pool of transcripts associated with PRC2, namely the PRC2 transcriptome 29 . We used the same criteria: a given RNA was included in the PRC2 transcriptome only if observed with Ezh2-FE ≥3 and expression ≥0.4 reads per kilobase of exon per million fragments mapped (RPKM e ) 40 . We found that these criteria identified key RNAs previously shown to associate with PRC2, including Xist, Kcnq1ot1 and Gtl2 (also known as Meg3) ( Fig. 5a ), in agreement with previous results 29 . As previously demonstrated 29 , the HOTAIR transcript is weakly expressed in this cell line and therefore did not meet these criteria and was excluded from the PRC2 transcriptome, thereby serving as a negative control for our analysis. A positive internal control is Ezh2, which is underrepresented in the Ezh2 −/− data set and therefore observed with Ezh2-FE of 20. Importantly, the pool of genes that meet the criteria defining the PRC2 transcriptome is rich with highly expressed genes. These include mRNAs for nuclear-coded mitochondrial ATP synthase F1 alpha subunit 1, α-actin, γ-actin and three PRC2 subunits: Suz12, Rbbp7 and Aebp2 (Fig. 5a) . Accordingly, gene ontology (GO) analysis of genes with Ezh2-FE >3 and high WT Ezh2 RIP-seq coverage (>10 RPKM e , Supplementary Table 1 ) identified multiple GO terms, of which the highly significant terms were related to metabolic processes (Supplementary Table 2 ).
If most of the transcripts associated with PRC2 were specifically recruiting PRC2 for repression, genome-wide positive correlation would be expected between ChIP-seq for the H3K27me3 mark and Ezh2-FE and negative correlation between Ezh2-FE and RNA expression level or the H3K36me3 mark for active chromatin. We tested these assumptions by comparative analysis, using multiple . The apparent number of salt bridges between the RNA and the protein is calculated from the slope of the fitted line 38 and is <1. Bars as in Figure 3 . npg a r t i c l e s independent published data sets ( Fig. 5b and Supplementary  Table 3 ). We aligned short reads resulting from 35 ChIP-seq, RNA-seq and GRO-seq experiments performed in eight independent studies and in multiple mouse cell lines to the mouse genome. To reduce bias, we performed multiple independent approaches for data acquisition and normalization, and these resulted in four or nine different data vectors for each ChIP-seq or RNA-seq experiment, respectively; these summed to a total of 180 data vectors, each describing 27,874 autosomal nonredundant mouse RefSeq genes (detailed description in Online Methods). Next, we correlated each of these 180 data vectors with the Ezh2-FE data set (and each pairwise comparison is represented by one bar in Fig. 5b) . Strikingly, RNA-seq, GRO-seq and ChIP-seq for activechromatin marks H3K36me3, H3K79me2/3 (slash denotes dual epitope) and RNA polymerase II phosphorylated at Ser2 (Pol II S2) were positively correlated with Ezh2-FE, and repressed-chromatin marks H3K27me3 and H3K9me3 were negatively correlated ( Fig. 5b) . This trend was consistent for almost all data sets subjected to this analysis, which spanned multiple cell lines and data-processing approaches. Interestingly, ChIP-seq data sets for SUZ12 and EZH2 did not follow this trend and demonstrated either a positive or a negative correlation in different data sets. Classification of data sets on the basis of cell lines showed no bias ( Fig. 5b) . These results suggest that the broad association of PRC2 with transcripts from active genes occurs in a cell line-independent manner. These data cannot exclude regulation in trans or specific recruitment of PRC2 by a subset of transcripts with greater affinity and specificity, yet the positive correlation observed between Ezh2-FE and active genes, in a genomewide context and cell line-independent manner, implies that PRC2 predominantly binds RNA promiscuously in vivo.
PRC2 found at both repressed and active genes in vivo
ChIP-seq provides information complementary to that provided by RIP-seq. ChIP-seq signals could represent recruitment of PRC2 by RNA binding as well as other interactions, whereas RIP-seq signals represent RNA-protein binding that may or may not occur when the RNP is associated with chromatin.
We analyzed ChIP-seq data sets for EZH2, H3K27me3, H3K4me3 and H3K36me3 marks published for five different human cell lines ( Fig. 6a,b ). We defined genes as associated with a given mark only if a ChIP-seq peak was called in proximity to the corresponding transcription start site (TSS). In agreement with previous studies 8-10,41 , our analysis revealed 1,328-3,443 genes that associate with EZH2 in different cell lines. Most of these EZH2-associated genes also included the H3K27me3 mark ( Fig. 6a) , either in the absence or presence of H3K4me3 marks (i.e., bivalent chromatin). However, in most cell lines we could also detect a substantial amount, up to 30%, of EZH2associated genes that were devoid of the H3K27me3 mark and were associated with an H3K4me3 or H3K36me3 mark. Over 90% of EZH2-associated genes were also associated with other marks, either repressed or active. In contrast, only a small fraction of H3K27me3associated genes were also associated with the H3K36me3 mark ( Fig. 6b) . These data suggest that although the dominant pattern in vivo is PRC2 residing at repressed chromatin domains, PRC2 is also present at transcriptionally engaged or active genes to a large extent.
Analysis of mouse ESC data provided additional support for the conclusion that EZH2 occupancy, unlike that of the H3K27me3 mark, is not restricted to inactive chromatin. When TSSs of the entire mouse genome were sorted by the occupancy of the repressed mark H3K27me3, active genes (identified by a high density of reads for H3K4me3, H3K36me3 and RNA-seq) were ranked low in the heat map, as expected ( Fig. 6c) . Accordingly, enrichment profiles generated for the top 20% of ranked genes, resulting from this sorting, had a prominent camelback profile for H3K27me3 accumulated reads, with two broad peaks spanning the TSS position (Fig. 6c) . The same set of genes had low representation of active chromatin marks (Fig. 6c) . When mouse genes were sorted on the basis of EZH2 occupancy, as compared to sorting on the basis of H3K27me3, repressed genes were still ranked at the very top of the heat map, but active genes were ranked much higher (Fig. 6c ). This analysis suggests distinct profiles a b
Significance (-log 10 (P)) 0 a r t i c l e s for EZH2 and H3K27me3, in which H3K27me3 is associated with repressed chromatin, and EZH2 is predominantly associated with H3K27me3 but also tracks with active genes.
To emphasize this observation, we further sorted genes on the basis of differential ChIP-seq coverage, obtained by subtraction of the number of normalized H3K27me3 reads from the number of normalized EZH2 reads within the same chromosomal location (EZH2 -H3K27me3, Fig. 6c ). This operation aimed to identify genes for which EZH2 was present in the absence of the H3K27me3 mark. Indeed, the top 20% of genes (on the basis of EZH2 -H3K27me3 differential coverage) had a prominent accumulation of the active histone mark over their TSSs and exhibited RNA production ( Fig. 6c) . and for RNA-seq in the mouse E14 cell line, generated with the same data sets but presented with different types of sorting. RefSeq mouse genes are sorted by three different criteria: reads (from 0.5 kb upstream of TSSs to 0.5 kb downstream) of either H3K27me3 (blue) or EZH2 (green), or differential coverage obtained by subtraction of the number of normalized H3K27me3 reads from the number of normalized EZH2 reads at the same position (EZH2 -H3K27me3, red). Bottom, enrichment profiles generated from topranked 20% of genes, resulting from these three different types of sorting (same color key as above). Titles of enrichment profiles represent the corresponding epigenetic mark. 'Sorting data set' indicates the data sets that determined the three types of sorting, namely top 20% of genes ranked according to read occupancy around TSSs of H3K27me3 (blue), EZH2 (green) or EZH2 -H3K27me3 (red).
a r t i c l e s EZH2-associated active genes are not PRC2 regulated We hypothesized that the association of PRC2 with transcriptionally active genes would not necessarily force repression, as transcriptionally active chromatin marks are known to inhibit PRC2 catalytic activity 6, 7 . As a test, we knocked down the PRC2 essential subunit SUZ12 (ref.
2) in HEK293T/17 cells ( Fig. 7a) . Of the 736 genes whose expression changed significantly (false discovery rate <0.05) after SUZ12 knockdown, 338 were upregulated ( Fig. 7b and Supplementary  Table 4 ). GO analysis showed enrichment for regulation and development terms for upregulated genes (Supplementary Table 5) , with a notable specialization in neuron development ( Supplementary  Fig. 6 ). This finding correlates with the proposed neuronal origin of HEK293 cells 42 .
To identify genes that are physically associated with PRC2, we performed ChIP-seq for EZH2. We identified genes that were engaged in transcription by ChIP-seq for H3K4me2/3 and ChIP-seq for RNA polymerase II phosphorylated at Ser5 (Pol II S5, performed on the same cell line within another study in our laboratory 43 ). 2,355 genes were associated with EZH2 ( Fig. 7b) . We observed a large overlap between EZH2-associated genes and H3K4me2/3 and Pol II S5 (hypergeometric P value 5.43 × 10 −164 and 9.87 × 10 −183 , respectively), in accord with previous reports [11] [12] [13] 28 . However, only 51 of the 2,355 genes that were physically associated with EZH2 responded to SUZ12 knockdown (Fig. 7b) , a statistically insignificant overlap (hypergeometric P value 0.813). Even if our ChIP-seq analysis is not sensitive enough to detect all EZH2-associated genes within repressed chromatin, we can conclude that the majority of EZH2-associated genes that were engaged in transcription were not regulated by PRC2 (Fig. 7c) .
DISCUSSION
Our in vitro PRC2-RNA binding assays provide the first quantitative measurements of submicromolar affinity of PRC2 to RNA, to our knowledge; such affinity is likely to be biologically meaningful. Our data also show that a fundamental property of PRC2 is to bind RNA promiscuously. Although post-translational modification or partner proteins may modulate this fundamental activity of PRC2 in vivo, we find that it correlates with results obtained by Ezh2 RIP-seq experiments in vivo. The PRC2 transcriptome includes thousands of transcripts 29 , among which RNAs that were previously reported to recruit PRC2 can be pinpointed. Our comparative analysis suggests that Ezh2-FE correlates positively with active genes and negatively with repressed genes, in a cell line-independent manner. Importantly, this does not rule out other PRC2 recruitment models that were previously suggested but implies that, in parallel to them, a strong driving force directs PRC2 to transcripts of a wide variety of genes, both active and insufficiently repressed.
Our ChIP-seq analysis is in good agreement with previous studies [8] [9] [10] 44 and shows that most gene promoters that associate with EZH2 are also associated with H3K27me3 (Fig. 6) . The differences between association patterns of PRC2 with RNA (RIP-seq) and chromatin (ChIP-seq) suggest that the majority of PRC2 that associates with RNA transcripts is never deposited to promoter regions of active genes. Alternatively, PRC2 may not stay there long enough to be cross-linked in a ChIP-seq experiment. There was a small, but yet notable, fraction of genes that tracked with EZH2 ChIP-seq peaks at promoter regions together with H3K36me3 or H3K4me3 marks and in the absence of H3K27me3; this suggests that such deposition of PRC2 to TSSs of active genes does occur to some degree. The lack of H3K27me3 marks in the vicinity of these TSSs indicates that PRC2 is not actively repressing these genes.
PRC2 has the remarkable ability to recognize and be regulated by chromatin compaction 5 and the epigenetic marks H3K27me3 (refs. 3,4), H3K4me3 and H3K36me3 (refs. 6,7). This allows the complex to functionally discriminate silent chromatin domains, or those that are in the process of being repressed, from transcriptionally active chromatin. Here we suggest an additional layer to this model, in which promiscuous RNA binding by PRC2 allows it to recognize transcriptionally active chromatin domains and scan them for genuine target genes that are already decorated with some H3K27me3 marks but are not fully silenced. As both the affinity and cooperativity of promiscuous RNA binding by PRC2 increases with the RNA length ( Fig. 3c,d) , we speculate that PRC2 has evolved to track nascent RNA transcripts in genes that escaped from repression. Once PRC2 recognizes the H3K27me3 mark within a transcriptionally active gene, it will bind nucleosomes 45 and be catalytically stimulated 3, 4 , thus restoring repression. Contrarily, if PRC2 recognizes active marks H3K4me3 and H3K36me3, its histone methyltransferase activity will be inhibited, and it will not be deposited from the RNA to nucleosomes 6, 7 . Further studies are required to identify and distinguish among different recruitment modes of PRC2 to chromatin for transcriptional reprogramming and repression maintenance.
Although promiscuous RNA binding by PRC2 can facilitate scanning of chromatin, in highly expressed genes the RNA could additionally serve as a decoy, or natural sink, that can strip PRC2 away from chromatin as transcripts roll off of the DNA template. Similarly, exclusion of PRC2 from chromatin by Tsix lncRNA 27 and removal of CTCF from chromatin by Jpx lncRNA 46 have been suggested. The observations that Ezh2-FE is positively correlated with active genes and negatively correlated with repressed genes (Fig. 5b) , and that EZH2 ChIP-seq tags are devoid of most highly expressed genes (Fig. 6a,c) , fit with this idea. In the absence of previously deposited H3K27me3 marks, PRC2 is unlikely to be transferred from nascent transcripts to chromatin, thus leaving these genes active. Therefore, most highly expressed genes whose transcripts interact with PRC2, on the basis of high Ezh2-FE (Fig. 5a) , are unlikely to be repressed by the complex, as deposition to chromatin would never occur.
Thus, promiscuous RNA binding is likely to boost the process of Polycomb-mediated repression and to serve as a checkpoint to prevent escape from silencing. In this model, this simple yet robust process allows PRC2 to use the most direct outcome of transcription, namely
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PRC2 (recruited by promiscuous binding to RNA) PRC2 (recruited by specific interactions) Figure 8 The junk-mail model for repressed chromatin maintenance by PRC2 using promiscuous RNA binding. Upon inappropriate transcription of a genuine Polycomb-target gene, recruitment of PRC2 through promiscuous RNA binding results in recognition of previously deposited H3K27me3 marks, stimulation of PRC2 histone methyltransferase activity and restoration of repression. Contrarily, if PRC2 binds a nascent transcript of an active gene, in the absence of the H3K27me3 mark and in the presence of H3K36me3 and H3K4me3 marks, the histone methyltransferase activity of PRC2 is inhibited and its affinity to nucleosomes reduced, thus resulting in inefficient deposition to chromatin. npg a r t i c l e s RNA, to maintain the repressed chromatin state. Although RNAbound PRC2 is poised for repression, the actual choice is directed by the local chromatin context. An analogy occurs with commercial organizations that use rough and general criteria, such as annual income 47 , to target 'junk mail' advertising to mailboxes of people who could potentially, but not necessarily, be their customers. Functional involvement is the choice of the recipient. In this 'junk-mail model' (Fig. 8) , PRC2 is the junk mail, chromosomal loci are mailboxes, transcriptional activity is the criterion for delivery, and the local chromatin context (active or repressive histone marks and chromatin compaction) dictates the response.
Although earlier studies provided insights for target-specific recruitment of PRC2 for de novo repression by ncRNAs [24] [25] [26] [27] [28] [29] , our model proposes a new role for promiscuous RNA binding in maintenance of the repressed chromatin state. Such functional duality has been well established for promiscuous enzymes that can process various substrates, some with increased affinity and catalytic efficiency (reviewed in ref. 48 ). Accordingly, previously described RNA motifs may still be preferred sites of PRC2 binding, and specific binding may be enhanced by post-transcriptional modifications of the RNA, by post-translational modifications of PRC2 subunits, as previously suggested 34 , or by bridging proteins.
As was previously shown for PRC2 recruitment by short ncRNAs 28 , association of PRC2 with chromatin is predominantly around TSSs rather than at gene bodies (Fig. 6c) . Although earlier results explained the association of PRC2 with promoters of repressed genes, our data show that a substantial amount of promoters that associate with EZH2 are active (Fig. 6) . On the basis of the junk-mail model, the association of PRC2 with TSSs of active genes, rather than gene bodies, can be attributed to the relatively open chromatin in these regions or the exclusion of PRC2 from gene bodies by other factors (for example, elongating polymerases, histone acetylation marks or splicing factors). Above all, the massive amount of elongating RNA can serve as decoy to strip PRC2 away from chromatin while transcription machinery progresses into the gene body. The relative contributions of these various processes should be addressed in future studies.
Although our data and analysis are restricted to PRC2, we suggest that the junk-mail model may potentially be generalized to other systems. Thus, promiscuous RNA binding may facilitate the recruitment of chromatin remodeling and other factors to transcriptionally active chromatin by direct binding to the most immediate product of the transcriptional machinery, RNA.
METHODS
Methods and any associated references are available in the online version of the paper.
Accession codes. ChIP-seq and RNA-seq data were deposited at the NCBI gene expression omnibus portal under accession number GSE50177.
Note: Any Supplementary Information and Source Data files are available in the online version of the paper. a r t i c l e s ONLINE METHODS Protein expression. pFastBac1 and pFastBacDual expression vectors carrying sequences encoding human EZH2, SUZ12, RBBP4, EED and AEBP2 (UniProtKB entry isoform sequences Q15910-2, Q15022, Q09028-1, O75530-1 and Q6ZN18-1, respectively) were used to generate baculovirus stocks with the Bac-to-Bac system (Life Technologies), according to the manufacturer's instructions. PRC2 subunits were expressed under an N-terminal MBP tag, Flag tag, hexahistidine tag or with no tag. Appropriate ratios of baculovirus stocks carrying genes for the four (with the exclusion of AEBP2) or five PRC2 subunits were used to co-infect a 4-l to 6-l culture of Sf9 cells at a density of 2 million cells/ml in Sf-900 III SFM (Invitrogen 12658-027). Cells were incubated 72 h at 27 °C at 130 r.p.m. Cells were harvested, frozen in liquid nitrogen and stored at −80 °C until protein purification.
Protein purification. Cell paste (5 g) was thawed on ice and cells lysed by gentle resuspension in 40 ml cold lysis buffer (10 mM Tris-HCl, pH 7.5 at 25 °C, 150 mM NaCl, 0.5% Nonidet P-40 (Roche 11754599001), 2 mM 2-mercaptoethanol and 5 mM imidazole) supplemented with EDTA-free Complete protease inhibitor (Roche 11836145001). Lysate was clarified by centrifugation for 30 min at 29,000 RCF (Beckman JA-20, 15,500 r.p.m.), 4 °C.
For tandem affinity purification, with His 6 -EZH2 and Flag-SUZ12 tagged subunits, clarified lysate was agitated 1-2 h with prewashed Ni-NTA agarose (Qiagen) at 4 °C. Ni-NTA agarose was transferred into an Econo-Pac chromatography column, 1.5 × 12 cm (Bio Rad 732-1010) and washed with 10 c.v. lysis buffer. For complete removal of nucleic acids, the column was briefly washed with 16 c.v. of wash buffer 1 (10 mM Tris-HCl, pH 7.5 at 25 °C, 1,000 mM NaCl and 1 mM EDTA) and immediately afterwards with 16 c.v. of wash buffer 2 (10 mM Tris-HCl, pH 7.5 at 25 °C, 150 mM NaCl and 2 mM 2-mercaptoethanol). The column was further washed with wash buffer 3 (10 mM Tris-HCl, pH 7.5 at 25 °C, and 150 mM NaCl), and protein was eluted by gradual application of a total of 3 c.v. elution buffer 1 (0.9× wash buffer 3, supplemented with imidazole, pH 8.0 at 25 °C, to 200 mM) during collection of fractions of 0.67 c.v. each. PRC2-containing fractions were pooled and adjusted to 0.7:0.3 wash buffer 3/glycerol and incubated with equilibrated 1 ml Anti-Flag M2 Affinity Gel (Sigma A2220), 2-16 h at 4 °C with slow agitation. Beads were then moved into a clean Econo-Pac 1.5 × 12-cm column and washed with 16 c.v. of wash buffer 3. Beads were resuspended in 1 c.v. of elution buffer 2 (wash buffer 3 supplemented with 3× Flag peptide (Sigma F4799) to 0.2 mg/ml) and agitated 2.5 h at 4 °C for protein elution. The 3× Flag peptide was removed by at least five rounds of repeat concentration with fresh wash buffer 3, with Amicon Ultra-0.5 Centrifugal Filter Unit with 30-kDa cutoff (Millipore UFC503096). Glycerol was then added to 9% v/v, and aliquots of the protein were frozen in liquid nitrogen and stored at −80 °C. Protein concentration was determined with Protein Assay Dye Reagent (Bio-Rad 500-0006), and protein purity and subunit identification were assessed by SDS-PAGE with InstantBlue Coomassie stain (Gentaur Molecular Products ISB1L) and immunoblotting with the following antibodies: SUZ12 (Santa Cruz sc-67105, dilution 1:500), EZH2 (Santa Cruz sc-25383, dilution 1:500), EED (Santa Cruz sc-28701, dilution 1:300) and RBBP4 (Abcam ab92344, dilution 1:5,000). Validation of all antibodies is provided on the manufacturers' websites. Absence of nucleic acids was verified by ensuring that the ratio of UV absorbance at 260 nm/280 nm was <0.7.
MBP-tagged subunits were purified as above, except that lysate was loaded on amylose resin (NEB) and elution carried out with wash buffer supplemented with maltose to 10 mM. The MBP tag was completely removed by PreScission protease (GE Healthcare) before FPLC fractionation over HiPrep 16/60 Sephacryl S-500 HR column (GE Healthcare).
Templates for in vitro transcription. All genes obtained by gene synthesis (GeneScript) were fully sequenced. PCR primers for the amplification of DNA templates for in vitro transcription were designed with DNADynamo (Blue Tractor Software) and synthesized by IDT. Constructs were generated as follows.
For HOTAIR 400, the first 400 nucleotides of the human HOTAIR gene (RefSeq accession NR_003716.2) were obtained by gene synthesis and cloned into the EcoRV site of the pUC57 vector (GeneScript). The insert included the following sequence (capital letters, originated in HOTAIR cDNA; lower case, linker sequences including restriction sites and T7 RNA polymerase promoter; plasmid name, H001):
tctagacagcagacgtaatacgactcactatagggagACATTCTGCCCTGATTTCCGG AACCTGGAAGCCTAGGCAGGCAGTGGGGAACTCTGACTCGCCTGTGC   TCTGGAGCTTGATCCGAAAGCTTCCACAGTGAGGACTGCTCCGTGGG  GGTAAGAGAGCACCAGGCACTGAGGCCTGGGAGTTCCACAGACCAAC  ACCCCTGCTCCTGGCGGCTCCCACCCGGGACTTAGACCCTCAGGTCC  CTAATATCCCGGAGGTGCTCTCAATCAGAAAGGTCCTGCTCCGCTTCG  CAGTGGAATGGAACGGATTTAGAAGCCTGCAGTAGGGGAGTGGGGAG  TGGAGAGAGGGAGCCCAGAGTTACAGACGGCGGCGAGAGGAAGGAG  GGGCGTCTTTATTTTTTTAAGGCCCCAAAGAGTCTGATGTTTACAAGA  CCcgagacccttctatagtgtcacctaaatgaattc DNA templates for in vitro transcription of HOTAIR 400 RNA were amplified from plasmid H001 with primers with the following sequences:
T7-F, TAATACGACTCACTATAGGGAGACATTCTG R, GGTCTTGTAAACATCAGACTCTTTGG DNA templates for in vitro transcription of asHOTAIR 400 RNA (antisense of HOTAIR 400 RNA) were amplified from plasmid H001 with primers with the following sequences:
F, ACATTCTGCCCTGATTTCCGGAAC T7-R, TAATACGACTCACTATAGGGAGGGTCTTGTAAACATCAGACT CTTTGG For HOTAIR 1-300 (plasmid name, LZRS-HOTAIR, Addgene plasmid 26110; RNA products, HOTAIR 1-300 or asHOTAIR 1-300), HOTAIR cDNA was obtained from Addgene as originally submitted by H. Chang's laboratory (Stanford). DNA templates for in vitro transcription of HOTAIR 1-300 RNA were amplified from plasmid LZRS-HOTAIR with primers with the following sequences:
T7-F, TAATACGACTCACTATAGGGAGGACTCGCCTGTGCTCTGGAG R, CGCCCCTCCTTCCTCT DNA templates for in vitro transcription of asHOTAIR 1-300 RNA (antisense of HOTAIR 1-300 RNA) were amplified from plasmid LZRS-HOTAIR with primers with the following sequences:
F, GACTCGCCTGTGCTCTGGAG T7-R, TAATACGACTCACTATAGGGAGCGCCCCTCCTTCCTCT For RepA-derived constructs (plasmid name, X001; RNA products A-region and asA-region), the A repeat sequence within human RepA, including all tandem repeats, was generated by gene synthesis and cloned into the pUC57 vector into the EcoRV site (GeneScript). The insert included the following sequence (sequence in capital, originated in RefSeq accession NG_016172.1; otherwise, linker sequences including restriction sites, T7 and SP6 RNA polymerase promoters): tctagataatacgactcactatagggagacgctgcgatctgttttttgtggatcagttttttactcttccactctcttt  tctatattTTGCCCATCGGGGCTGCGGATACCTGGTTTTATTATTTTTTCTT  TGCCCAACGGGGCCGTGGATACCTGCCTTTTAATTCTTTTTTATTCGC  CCATCGGGGCCGCGGATACCTGCTTTTTATTTTTTTTTCCTTAGCCCA  TCGGGGTATCGGATACCTGCTGATTCCCTTCCCCTCTGAACCCCCAAC  ACTCTGGCCCATCGGGGTGACGGATATCTGCTTTTTAAAAATTTTCTT  TTTTTGGCCCATCGGGGCTTCGGATACCTGCTTTTTTTTTTTTTATTT  TTCCTTGCCCATCGGGGCCTCGGATACCTGCTTTAATTTTTGTTTTTC  TGGCCCATCGGGGCCGCGGATACCTGCTTTGATTTTTTTTTTTCATCG  CCCATCGGTGctttttatggatgaaaaaatgttggttttgtgggttgttgcactctctggcgagacccttctat  agtgtcacctaaataagctt The DNA template for in vitro transcription of A-region RNA was amplified from plasmid X001 with primers with the following sequences:
T7-F, TAATACGACTCACTATAGGGAGACGC R, CCAGAGAGTGCAACAACCCAC The DNA template for in vitro transcription of asA-region RNA (antisense of A-region RNA) was amplified from plasmid X001 with primers with the following sequences:
F, TCTGTTTTTTGTGGATCAGTTTTTTACTC T7-R, TAATACGACTCACTATAGGGAGCCAGAGAGTGCAACAACCCAC For MBP RNA constructs, DNA templates for in vitro transcription of MBP mRNA truncations were amplified from plasmid pFastBac1 bearing the maltosebinding protein (MBP) gene from E. coli with the following forward primer:
T7 For Tetrahymena group I intron P4-P6 RNA, WT and mutant P4-P6 constructs were generated as previously described 49 .
In vitro transcription and radiolabeling of RNA. DNA templates for transcription were generated by PCR with high-fidelity DNA polymerase (Phusion, NEB). Plasmids used as PCR templates were sequenced and the predicted size of PCR amplicons confirmed with agarose gel electrophoresis with adequate DNA molecular markers before in vitro transcription. In vitro transcription was carried out by T7 RNA polymerase; a typical reaction included 44 mM Tris-HCl, pH 8.0 at 25 °C, 1.1 mM spermidine, 1.1% v/v Triton X-100, 5.5 mM DTT, 4.4 mM of each NTP, 20 mM MgCl 2 and 10% v/v crude PCR product of the appropriate DNA template. The final concentration of recombinant T7 RNA polymerase in reactions varied between batches and was determined empirically (typically 0.01-0.1 mg/ml). Transcription was carried out for 2 h at 37 °C and stopped by heat inactivation, 20 min at 65 °C. The sample was briefly centrifuged (1 min at 16,000 RCF, 25 °C) to remove pyrophosphate precipitate and transferred to a clean tube where DNA template digestion was carried out with RQ1 RNase-free DNase (Promega M6101) according to the manufacturer's instructions. DNA digestion was stopped by addition of EDTA to 50 mM. The reaction was mixed 1:1 or 1.0:0.5 with formamide loading dye (20 mM Tris-HCl, pH 7.4 at 25 °C, 4 mM EDTA, 90% v/v deionized formamide, 0.04% v/v saturated bromophenol blue solution), incubated 5-10 min at 65 °C and loaded on a denaturing gel (6% w/v 1:29 acrylamide/bis and 7 M urea buffered with TBE) for PAGE separation at 25 W. Bands containing intact RNA were identified with UV shadowing, and RNA was extracted for 1 h at 50 °C with 0.3 M sodium acetate, pH 5.3. RNA was concentrated and desalted into double-filtered (Milli-Q) water with an Amicon Ultra-15 Centrifugal Filter Unit with an appropriate molecular-weight cutoff. RNA was quantified by UV absorbance at 260 nm. Purity and integrity of all RNA constructs and batches were examined with denaturing PAGE gels stained with ethidium bromide. RNA end radiolabeling with 32 P was carried out with a KinaseMax Kit (Ambion AM1520), according to the manufacturer's protocol. Radiolabeled RNAs were subjected to a second denaturing PAGE purification, as described above, and quantified with liquid scintillation counting.
Electrophoretic mobility shift assay for PRC2-RNA direct binding assay.
The volume of radiolabeled RNA, 2,000 c.p.m. with specific activity no less than 100,000 c.p.m./pmol, was adjusted to 4.3 µl with Milli-Q pure water. RNA was incubated 1 min at 95 °C and snap cooled on ice for 2 min. RNA was then allowed to fold for 30 min at 37 °C in binding buffer (50 mM Tris-HCl, pH 7.5 at 25 °C, 100 mM KCl, 5 mM MgCl 2 , 0.5 mM ZnCl 2 , 0.1 mM CaCl 2 , 2 mM 2-mercaptoethanol, 0.1 mg/ml BSA, 0.1 mg/ml fragmented yeast tRNA (Sigma R5636), 5% v/v glycerol, 0.025% w/v bromophenol blue and 0.025% w/v xylene cyanol). Fragmented yeast tRNA was excluded in cases where RNA probes sized 50 bases or less were assayed. Next, protein was added and allowed to bind at 30 °C in binding buffer for 30 min, unless otherwise indicated. Samples were cooled to 4 °C before being loaded on a 10-to 15-cm horizontal nondenaturing 0.7% agarose gel (SeaKem GTG agarose, Fisher Scientific BMA 50070) buffered with 1× TBE at 4 °C. For salt-dependence assay binding buffer, gel running buffer and gels were supplemented with KCl to the appropriate concentration. Gel electrophoresis was carried out for 45 min to 6 h at 6.6 V/cm in an ice box in a 4 °C cold room. Gels were vacuum dried for 60 min at 80 °C on a nylon membrane and two sheets of Whatman 3 mm chromatography paper. Dried gels were exposed to phosphorimaging plates, and signal acquisition was performed with a Typhoon Trio phosphorimager (GE Healthcare). Densitometry was carried out with ImageQuant software (GE Healthcare) and data fitted to a sigmoidal binding curve with MATLAB (MathWorks). Data ranges for both dissociation constants and Hill coefficients were calculated on the basis of two independent experiments carried out on different days.
Competition assay. Per 10 µl assay, 0.15 pmol of unlabeled RNA was spiked with 750-2,000 c.p.m. radiolabeled RNA of the same sequence with specific activity no less than 100,000 c.p.m./pmol. Unlabeled competitor RNA of the desired sequence and appropriate molar excess was added and the experiment carried out as described above for direct binding assays.
In vitro histone methyltransferase (HMTase) assay. Each 10-µl reaction included 0.1 mg/ml H3.1 histone (NEB), 0.4 µCi S-[methyl-3 H]adenosyl methionine (PerkinElmer NET155H250UC), 50 mM Tris-HCl, pH 7.5 at 25 °C, 100 mM KCl, 5 mM MgCl 2 , 0.5 mM ZnCl 2 , 0.1 mM CaCl 2 , 2 mM 2-mercaptoethanol and 600 nM recombinant PRC2 complex, unless otherwise described. Samples were incubated 30 min at 30 °C and stopped by placement of 8 µl reaction mixture on P81 phosphocellulose paper (Millipore 20-134) and immediate quenching in 0.61 N trichloroacetic acid (TCA). Phosphocellulose paper was washed four times with a large excess of 0.61 N TCA and once with 95% ethanol and then air dried and subjected to liquid scintillation counting.
Correlation between Ezh2-RIP-seq data sets and multiple independent data sets. Short reads resulting from 35 ChIP-seq, RNA-seq and GRO-seq experiments ( Supplementary Table 3 ) that were performed in eight independent studies in multiple mouse cell lines were obtained from the NCBI repository. For each given data set, data from all available runs were merged to ensure usage of full sequencing depth. Primary data evaluation was performed with the FastX-Toolkit (http://hannonlab.cshl.edu/fastx_toolkit/index.html). Reads of ChIP-seq data sets were aligned to the mouse (build mm9) genome with bowtie 50 , with only unambiguously aligned reads retained (option '-m 1'). No further settings were altered from default alignment specifications, except for memory increment aimed at eliminating loss of aligned reads due to memory overflow (option '-chunkmbs 256'). To reduce the bias that can potentially be made by custom selection of a given data acquisition and normalization approach, each ChIP-seq data set was subjected to four variations of the data processing pipeline as follows.
Type 1: The number of reads adjusted to 10 million aligned reads and the number of reads around transcription start sites (TSSs) integrated over a narrow window of −0.5 kb to +0.5 kb from TSS (BEDtools 51 ).
Type 2: The number of reads adjusted to 10 million aligned reads and the number of reads around transcription start sites (TSSs) integrated over a wide window of −5 kb to +5 kb from TSS (BEDtools 51 ).
Type 3: The number of reads adjusted to 10 million aligned reads and integrated from TSS to transcription end site (TES).
Type 4: The number of reads integrated from TSS to TES and normalized to RPKM g (reads per kb gene per million mapped reads), considering both introns and exons in the total size of a gene.
RNA-seq and GRO-seq data sets were passed through the same pipeline described above but additionally also processed through another pipeline with similar architecture, except that alignment was performed with tophat2 (http:// tophat.cbcb.umd.edu/) instead of bowtie, in order to retain reads spanning splice junctions of mouse RefSeq genes. Downstream analysis was performed as described above and resulted in four additional types of data acquisition and normalization for each of these data sets.
In addition to the eight types of data acquisition and normalization applied for each RNA-seq and GRO-seq data set, each of these data sets was normalized also by RPKM e (reads per kilobase of exon per million fragments mapped 40 ), where only exons were considered. The processing scheme described above resulted in four or nine different data sets from each ChIP-seq or RNA-seq experiment, respectively, giving a total of 180 data vectors describing 27,874 autosomal nonredundant mouse RefSeq genes.
The Ezh2 RIP-seq data set for WT and Ezh2 knockout (Ezh2 −/− ) 29 was obtained from the NCBI repository and processed with the same pipeline. Ezh2 RIP-seq enrichment fold (Ezh2-FE) was calculated by division of values assigned for each gene in the Ezh2 RIP-seq WT by the corresponding value obtained with the Ezh2 −/− data set. For compatibility with previous work 29 , the values of Ezh2-FE that were used to generate the scatter plot revealing the PRC2 transcriptome (Fig. 5a) were calculated from RPKM e .
For correlation with each of the 180 data vectors described above, Ezh2-FE values were calculated by integration of reads aligned by tophat2 from TSS to TES and normalization to 10 million aligned reads, considering both introns and exons. This was done in order to account also for Ezh2 that was immunoprecipitated npg
